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Abstract 
High power microwave tubes are devices which generate or amplify electromagnetic radiation in the frequency range 
of 0.3 GHz to 300 GHz (microwave and millimeter wave frequencies) at high peak and high average power level. 
Among the various kinds of microwave tubes, gyrotrons are the most well known devices which used for 
amplification and generation of energy at high power levels especially for ECRH which has become a well 
established heating method for both Tokamaks and Stellarators. The gyrotron operates by transfer of energy from an 
electron beam to an RF wave, but a fast wave, using relativity, which can reach high frequencies, and working with 
inhomogeneous fields. The electron gun, immersed in a strong magnetic field, allows to obtaining an electron beam 
of high density and because these electrons are bunched in phase due to relativistic effects, the radiation is coherent. 
The wave is generated in a specially designed interaction cavity (resonator) which can sustain oscillations on the 
desired frequency.  In this case we can obtain waves of high frequencies and high powers. 
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1. Introduction 
Resonant absorption of radio frequency electromagnetic waves is a well known method of 
plasma heating. It is broadly classified into three types depending on the type of resonance and species 
(that is electrons or ions). The first type is ion cyclotron resonance heating (ICRH) with a frequency range 
30-120 MHz depending on the magnetic field and species. The second category is lower hybrid heating 
(LHH) which utilizes the frequency range 1-8 GHz. Finally, the third type is electron cyclotron resonance 
heating (ECRH) which requires sources in the range 100-200 GHz.     
Magnetrons, klystrons and traveling-wave tubes are still the most common types of vacuum tubes in use 
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today for high-power applications in the frequency range 1-30 GHz. At higher frequencies, millimeter 
wave (30 to 300 GHz) and sub-millimeter wave (>300 GHz) ranges, other types of vacuum tubes called 
fast-wave devices have gained prominence, in particular gyrotrons. These devices are used in fusion 
experiments for electron cyclotron heating of confined plasmas, advanced radar systems, industrial 
processing. 
 
 At present, gyrotrons are mainly used as high power cm-wave or mm-wave sources for ECRH 
applications and for plasma diagnostics of magnetically confined plasmas in controlled thermonuclear 
fusion research heating in tokamaks and stellarators. This microwave tube designed to produce coherent 
radio waves of high power and high intensity. 
Gyrotrons, or electron cyclotron masers, are able to produce continuous millimeter waves in the MW-
range and bridge the power gap between slow-wave devices and lasers. They are capable of producing 
very high output power with theoretical efficiencies of 40%, thus being important sources for the 
millimeter wave regime. 
 
The operating principle of these devices is mainly based on the resonant interaction between electrons and 
HF field which gives rise to the "phenomenon of electron cyclotron resonance". In this case, the net 
energy exchange that occurs between the electrons and the field results as an acceleration or deceleration 
of the particles. 
The electron cyclotron maser instability [1] is the mechanism responsible for the energy transfer from the 
electron beam to the EM wave in gyrodevices. It originates from the relativistic dependence of electron 
cyclotron frequency on energy [2]. 
 
2. Gyrotron  
The gyrotron, which you can see the diagram in Figure 1, is a millimeter wave source capable of  
delivering electromagnetic power of the order of MW. These sources have grown considerably since the 
1980s, partly for the purposes of the fusion [3].  
 
Fig. 1. Schematic view of a gyrotron 
 
As is shown on the figure1, the main components of a gyrotron are: 
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A. Electron beam 
B. Output microwave beam (TEM00) 
C. Electron Gun 
D. Resonant Cavity 
E. Main magnetic field coils 
F. Mode converter  
G. Diamond Window 
H. Beam Collector 
I. Collector Coils 
 
3. Operating principle 
  
Fig. 2.  (a) Simplified gyrotron arrangement               (b) Anode alimentation Vak 
 
 Because the electrons are bunched in phase due to relativistic effects , the radiation is coherent. The wave 
energy is extracted from electrons which have been accelerated with a magnetron injection gun (MIG) 
(see Fig. 3 and Fig. 2(a)). The field created by the tension  between the anode and the 
cathode (see Fig. 2(b)) used to control the speed of electrons, , perpendicular to the magnetic field . 
Beam current,  , is mainly controlled by the temperature of the cathode. The acceleration voltage 
, between the cathode and the collector used to control the total energy of the electron 
beam. The power contained in the electrons beam is expressed by   
                                                                                                                                              (1) 
 
For the nominal mode of operation of the gyrotron cavity, TE p,q,l and a fixed magnetic field B0 , RF 
power gyrotron that delivers the performance depends, of  η, as the system  
                                                                                                                 (2) 
 
Where η is the arguments of efficiency [3], are the experimental parameters that can vary the power of the 
gyrotron.  
The wave is generated in a specially designed interaction cavity (resonator) which can sustain oscillations 
on the desired frequency. In modern gyrotrons the specific mode generated in the resonator is converted 
by a mode converter into a Gaussian beam which is directed by means of special mirrors out of the 
gyrotron through a diamond window [4]. The decelerated electron beam, instead, is separated from the 
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wave and dumped onto a collector where its residual energy is dissipated. 
 
In a gyrotron, the EM field of the wave is defined by the modes of oscillation in the resonant cavity (open 
resonator). The indices p, l of TEMp,l eigenmode , correspond to the transverse EM field dependencies 
(respectively (r, θ) in cylindrical coordinates and (x, y) in Cartesian coordinates). For given transverse 
mode, the electric field of the standing wave is given by: 
 
                                                                                                  (3) 
 and  indicate waves from mirror1et 2 respectively in resonator. 
The index q define longitudinal mode (as oy) and the eigenmode is denoted TEMp,l,q. 
3.1. Gaussian modes 
The particular case of gaussian mode is defined by the tranverse index  p=l=0. Since this mode has a 
radial extension of the field which is minimal, the radial profile of EM field is given by 
 
                                                                                                                              (4) 
ϣ0  is the radiation beam waist (minimum focal spot); 
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Fig. 3 .Profil radial of l electric field for gaussian mode  
 
The structure of a transverse Gaussian mode is shown in Figure 4. For this mode there is no azimuthal 
dependence. 
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Fig. 4.Transverse structure of gaussian mode TEM0,0,0 
 
3.2. Transverse modes 
As is shown on the figure 5 (a) and (b) for transverse modes ( ). For modes with azimuthal index   
the electric field can vanish on the axes ox and oz if we consider the dependence respectively sin (lθ) or cos (lθ). 
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Fig. 5.  (a) Transverse structure of TEM 1,0,q mode ( ) (b) Transverse structure of TEM 0,1,q mode (with  
term cos(lθ)) 
4. Interaction between electrons and HF field 
4.1. Movement of electrons in EM field 
 The motion of an electron in an electromagnetic field is governed by the equation 
                                                                                                                      (5) 
Where  is the electron charge,  its momentum and velocity ,  and  electric and magnetic fields, 
respectively. 
The waves are created by electrons which execute helical motion (see Fig. 6) in a strong magnetic field 
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Fig.6. Orbits of electrons in a uniform magnetic field B. 
 
If the particle is an electron ; its frequency of rotation  is called the electron cyclotron 
frequency [5] given by 
                                                                                                                                  (6) 
Where  [13], the Lorentz factor,  for a non-relativistic plasma (v << c) and  
is the electron rest mass. The radius of the circular rotation is called Larmor radius [2] given by 
                                                                                                                               (7) 
With  is the velocity component and   is the momentum component perpendicular to the magnetic 
field respectively. 
4.2. Energy transfer and bunching mechanism in gyrotrons  
The rate of change of the energy of an electron is given by taking the scalar product of (5) with  : 
                                                                                                                               (8) 
We conclude that those electrons which have a velocity component in the direction of  are decelerated 
( ), and those with a velocity component opposite to  are accelerated ( ), [6] as is sketched 
on the figure7. 
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Fig.  7.  Electrons under the effect of a sinusoidal field 
 
Essential for the operation of a gyrotron is the energy dependence of the cyclotron frequency, see Eq. (5). 
The gyration slows down due to the relativistic mass increase with energy. It is also worth noting that the 
Larmor radius increases with energy. 
 
a) b)  
 
 
Fig.  8.  Illustration of the azimuthal bunching mechanism in a gyrotron. 
  
4.3. The simplified model of three electrons 
We can explain the behavior of a beamlet of electrons using the following simplified model illustrated in 
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Fig. 8. Let us consider three electrons, labeled 1, 2 and 3, having an equal initial energy 
((|V1|=|V2|=|V3|)) and gyrating about a common guiding center in a uniform static magnetic field. 
 
Fig. 8 (a) shows the phases of rotation and the electron velocities when we start following them. The 
Larmor radii of the electrons with same energy are equal. The RF field present in the interaction cavity is 
described by a rotating electric field which we assume to be uniform over the region of interest. 
Furthermore, let the angular frequency of rotation  be equal to the electron cyclotron frequency . 
 
Due to the different angles between velocity  and electric field  vector the electron energies do not 
change similarly. We can summarize the effects as follows: 
1. For electron 1,  .  > 0, consequently, it is decelerated. This leads to an increase in the 
cyclotron frequency and a decrease in the Larmor radius ( ). This electron loses energy. 
2. Electron 2 is moving perpendicularly to the electric field and does therefore not experience any 
change in energy. Its cyclotron frequency and Larmor radius remain constant ( ), and it 
stays in phase with the rotating field. 
3. Opposite to the first electron, the third one is accelerated. This slows down the gyration and 
increases the Larmor radius ( ).This electron gains energy 
In Fig. 8. (b), after one field period the electric field again points as in (a), but the electrons have been 
bunched around the positive y-axis. The effect is due to the relativistic dependence of cyclotron frequency 
on electron energy [7]. 
4.4. Dispersion diagram of gyrotrons 
The operation of different microwave tubes can be compactly presented using their dispersion diagrams. 
They show the dispersion relation of the waveguide mode 
                                                                                                                                   (9)  
Together with the beam-wave resonance line 
                                                                                                                                  (10) 
Here  is the frequency of the wave,  the cyclotron frequency, and  and  are the wave numbers in 
the axial and radial direction, respectively. The axial velocity of the beam is . 
We have a gyrotron resonance when the two frequencies of equations (9) and (10) are equal. In fast-wave 
devices such as the gyrotron, the term  which describes a longitudinal Doppler shift [2] is small and 
the resonance condition reads: 
                                                                                                                                                      (11) 
The dispersion diagram for the gyrotron is shown in Fig. 9. [8] Other microwave tubes klystrons, 
traveling-wave tubes (TWT), backward-wave oscillators (BWO), etc. have different dispersion diagrams. 
A major theoretical difference between the gyrotron and slow-wave devices (e. g. TWT, BWO) is in the 
phase velocity  of the electromagnetic wave. In fast-wave devices  ,  whereas slow-wave 
devices utilize a wave with .
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Fig. 9. Dispersion diagram 
5. Key parameters of gyrotron 
There are several key parameters which use to assess the performance of gyrotron such as: 
5.1. The Q factor 
The fundamental quantity which characterized the global losses of resonator is Q the quality factor [9] 
which defined by 
                                                                                                                                                (11) 
Where  is the energy stoked by resonator and is the total losses in power. 
5.2. Efficiency of gyrotron 
The total electron efficiency [7] is given by 
                                                                                                                                 (12) 
Where the perpendicular efficiency  is calculated by averaging the squared orbital momentum  at 
the cavity output over all electrons: 
                                                                                                                    (13) 
And    is the pitch factor of the electrons. and   are the transverse and axial velocity in units 
of c respectively such as  and . 
6. Conclusion 
This article investigated high power microwave tubes devices that called fast-wave devices. These 
devices are called gyrotrons oscillators and they are used in fusion experiments for electron cyclotron 
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heating of confined plasmas and current drive experiment in tokamaks and stellarators machine. 
Gyrotron under the combined action of the magnetic field and the accelerating electric field, electrons 
spiraling in the cyclotron frequency and transfer their energy in the form of EM radiation frequency is 
given by a specially designed interaction cavity (resonator). 
Due to the different phases with respect to the rotating electric field, the gyrating electrons may gain 
energy or transfer it to the field. While this latter does not work on electrons which moves 
perpendicularly to it. 
Electrons which have a velocity component in the direction of electric field are decelerated and those with 
a velocity component opposite to it are accelerated; so that zones are formed more or less concentrated in 
the electrons: this is called the bunching of electrons. This mechanism which result to relativistic effects, 
permit a coherent radiation.  
The wave generated in a resonant cavity can sustain oscillations on the desired frequency. When the 
electron gun, is immersed in a strong magnetic field, allows to obtaining an electron beam of high density 
and in this case we can obtain waves of high frequencies (25-300 GHz ) and high powers (MW) called 
millimeter waves. 
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